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THE KINETICS OF ACTINIDE REDISTRIBUTIOﬁ AND PORE MIGRATION BY
VAPOR MIGRATION IN MIXED OXIDE FUELS
By Donald R. Olander
Inorganic Materials Research Division of the Lawrence Berkeley
Laboratory and the Department of Nuclear Engineering of the

University of California, Berkeley, California 94720, USA

ABSTRACT

The kinetics of vapor migration-driven restructuring and
actinide redistribution along continuous cracks or in closed
pores was studied analytically. The former was modeled by a
rectangular crack witﬁ the temperature gradient along the major
axis. Redistribution of fuel constituents was considered to
occur by molecular diffusion in the gas filling the crack.
Hyperstoichiometric U~Pu 6xide was treated so that only a
single diffusing species (UO3) needed to be considered, at
least in the early stages of the prbcess. The depehdence of
the kinetics upon oxygen-to-metal ratio, temperature gradient
and crack dimensions was invéstigated for fuel containing 20%
plutonium;

Pofe migration in mixed oxides differs from the analagous
process in pure stoichiometric urania in that the composition
as, well as the temperature of the two'faces of the pore may be
different. It was found that pore migraiion does not lead to
actinide redistribution. The velocity of the pores in mixed
hyperstoichiometric fuel is ~ 3 times fastér_than that in pure

002.



I. INTRODUCTION

Among the changes in materials properties induced in reactor
fuel pins by'the steep temperature gradient needed to remove fission
heat, restructuring and actinide redistribution have the most pro-
found influence upon thermal performance. Restructuring refers to
gross movement of the entire fuel mass from the cenﬁer towards the
periphery, usually accompaniéd by formation of a central void.
Actinide redistribution denotes the unmixing of the heavy metal
components of a fuel body initially of uniform composition. Of
the various mechanisms that have been pr0pbsed to explain these
two phenomena, the most important appear to depend upon migration
of the heavy metals of the fuel in gas filled spaces within the
fuel pin (1-10). The pressures of the oxides of uranium and
plutonium a?e generally higher at the hot central portion of the
fuel than at the cooler pellet surféce, and the concentration
gradient so generated may result in migration of these species
via molecular diffusion in the gas.

In order to analyze restructuring and actinide redistribution
kinetics by vapor migration, the geometry of the gaseous medium
must be specified. Two types of gas-filled voids are considered:

(1) Radial cracks, fissures or interconnected porosity which
'provide a continuous gas-filled path aldng the temperature gradient.

(2) Clbsed pores which accomodate either the porosity of the |
fabricated fuel or.a portion of the fission gases released during
irradiation.

The migration processes are strongly dependent upon the com-
position 6f the solid fuel. Two fuels aré investigated:

(a) - Stoichiometric uo, used in thermal reactor fuel elements.



(b) Mixed uranium-plutonium oxides hsed in fast reactor
fuel designs. | |

The migration.of pores in pure UO2 (combination 2a) has been
treated by many workers (11-15). Although the existence of closed
pores and evidence of their motion up the temperature gradient
have been tﬁoroughly documented, the importance of raaial cracks
and fissures in vapor transport processes'has been inferred mainly
by the success of the C02/CO mechanism proposed by Rand and
Markin (16) to explain oxygen redistributién. There is no reason,
ho&ever, why such gas pathways might'not also provide a means of
transporting pure species such as UO2 (combination la) or of re-
distributing the heavy metals (combination 1b). Analysis of an
ideaiized»model of these processes'is'presénted here. 1In add-
ition, pore migration in mixed oxides fuels (combination 2b) is
treated.

In order to simplify the analysis of migration along é crack,
cartesian geometry rather than the cylindrical geometry of a fuel
rod is utilized. Such an idealization streamlines the analysis
and avoids having to specify whether a planar crack in a fuel
élement is oriented perpendicular to or parallel to the rod axis.
In addition, the one-dimensional cartesian geometry is applicable
to out-of-pile experiments designed to invéstigate migration
phenomena. | |

II. DIFFUSION-CONTROLLED DISTILLATION OF A PURE COMPONENT IN A CRACK

Figure 1 shows a crack along the length of a piece of fuel
which supports a constant temperature gradient in the z-direction.
The crack is of width b and length L but is infinite in extent in

the direction perpendicular to the drawing. The solid is assumed



to contain many such longitudinal cracks, such.that,each crack
hay be associéted with a thickness 2H of solid. The ends of the
crack at z=0 and z=L ére assumed to be closed. No transport is
considered to occur within the solid. The crack is assumed to
be filled with an inert gas (helium or xenon) at a pressure of
v~ 10 atm. Bulk fluid motion due to natural convection driven by
temperatﬁre inequalities or by the flux of the distilling species
is neglected. The latter source of hydrédynamic flow is negli-
gible if the mole fraction of the diffusing species in the inert
gas is small, as is the case considered here.

As a result of.the temperature gradient inbthe z-direction,
the pressure of the distilling component at the surface of the

crack (y=0 and y=b) is given by:
p° = Aexp(-AHv/kT) (1)

where p°® is the vapor pressure of the pure species at temperature
T, AHv is its heat of vaporization, k is the Boltzmann constant
and A is a constant.

The temperature variation along the z-direction is given by:

T(z) = To

- (To - Ts)(Z/L) (2)
where To and T.s are the temperatures at the hot and cold ends,
respectively.

Transport of the distilling species is assumed to occur by

molecular diffusion in the gas filling the crack. The flux is

given by Fick's law as:

J = =CDVx



where J is the flux of the diffusing soluﬁe,.c is the £ota1 con-
centration of the gas phase (assumed ideal) and D is the binary
diffusion coefficient of the distilling species in the inert gas.
The mole fraction of the solute is aenoted by x. Because of the
temperature variation along the lenéth of the crack,vboth C and
D'vary with z. However, since CV= ptot/kT'(where Piot is the
total pressure of the gas) and D varies approximately as T3/2,
the product CD is relatively insensitive to temperature. To a
first approximation; the temperature dependence of the product
CD may be neglected by comparison to the very strong temperatufe
variation of'the vapor pressure of thé diffuéing substénce. The
flux is then given by:

b .
g = - EE‘-VP (3)

where the ratio D/T is éssﬁmed constant at the average temper-
ature of the system ana p(y,z) isvthe parfial-pressure of the
solute (equal to thot) at'location (y,z) in- the crack.

At steady state, conservation of the diffusing species re-

quires that:
v.g_: 0 ‘ (4)

For the rectangular crack of Figure 1, Eqs (3) and (4) may be

combined to yield:

9 ) :
which is subject to the following boundary conditions:

p(0,2) = p(b,z) = p°(z) (6)



where p°(z) is a known function of z obtained by combining Egs (1)
and (2). Because the ends of the crack are assumed to be closed,

the remaining boundary conditions are:

QE) (QE) = 0, for all y (7)
9z 2=0 9z 2=1,
Egs (5) - (7) may be solved by separation of variables (17), but

this method was rejected in favor of direct numerical solution.
Although the former solution method works satisfactorily for the
present problem, it proved unwieldf when apélied to mixed oxide
fuels. 1In the latter case, the boundary condition analagous to

Eq (6) is time~dependent, and the éeparation of variables sol-
ution was found to be inaccurate, too time consuming even on a
large computer, and excessively subject to.the usual instabilities
attendant to solving partial differential equations numerically.
Eqs (5) - (7) were therefore solved by finite difference techniques
for the partial pressure profile and the flux at the surface of the
crack. It is convenient to express the results in terms of the'

dimensionless quantities:

P=§;L(TIT—) | (8)

2 =12/L and Y = y/L : (9)

The partial pressure profiles shown in Figure 2 for b/L = 0.2,
AHv = 135.5 kcal/mole (representing UOZ) and end temperatures of
2500°K and 1000°K aré typical‘of those found for all crack geo-
metries (only.b/L was varied).

The rate of transport of‘the solute down the temperature

~gradient by the molecular diffusion controlled distillation process



is expressed by the flux normal to the crack surface, which is:

) pp° (T_) [op |
5‘5) < ¥TT (—a—Y—) ° (10)

Figure 2 shows that the wall gradient is negative for

= - D
Jy T T kT

y=0

2<0.04 and positive for greater distances. Therefore, 002 vapor-
izes from the hot zone and condenses in the cold regions of the
crack. Tﬁe variation of the wall flux with distance along the
temperature gradient is shown in Figure 3. The fluxes are
positive near the hot end but negative over most of the crack
length. The areas between zero abcissa and the positive and
negative portions of each curve are equal,‘since no uranium is
lost from the system. The region over which the vaporization
and condensation ratés are significant is markedly decreased by
reduction of the width-to-length ratio of the crack.

A convénient measure of the féte of transport of the pure
species down the temperature gradient is the integral of the
absolute value of the wall flux over the entire length of the

crack, or

This quantity is shown as a fgﬁgtion_of b/L in Figure 4. The
transporf rate becomes véry.small as b/L is decreased.

vAlthoﬁgh UO2 migration down a éontinuous crack parallel to
the temperature gradient does lead to restructuring in the sense
that solid is displaced from the hot towards the cold end, the
process would soon cease as the cooler regions of the fissure

were closed by condensed material. The preceeding analysis was



intended primarily to illustrate the hatute of the migration
process for a simple case. Vapor migration of fuel constitutents
in a mixed oxide, which is treated in the following section, is
formulated in a similar manner. Hoﬁever, the boundary condition
at the crack surface is related to the U/Pu ratio, which qhanges
with time at each position along the temperature gradient.

III. URANIUM MIGRATION IN MIXED OXIDES

In hyperstoichiometric mixed oxide fuels, the major heavy
metal constituent of the gas phase is UO3. The equilibrium
pressure of this species above U0.85Pu0‘1502.05 at 2000°K, for
example; is more than three orders of magnitude greater than
the UO2 pressure and four orders of magnitude greater than the
PuO2 pressure (16).‘ The preponderance-of UO3 persists as long
as the fuel is hyperstoichiometric. 1In order to restrict the
analysis to a single gaseous heavy metal species, only hyper-
stoichiometric oxides are considered. Extension to hypostoich-
iometric fuel is straightforward but involves treating the
diffusional kinetics of two or more actinide oxides simultan-
eously. |

Thermochemistry of a fuel block which has both non-uniform

temperature and uranium profiles

Consider fuel in which the initial uranium and plutonium atom
densitieé of the fuel are N°U and NoPu'
fractidn of plutonium of the fresh fuel is

respectively. The cation

o (-]
Npyu _ Ypy

ECT A A (11)

U Pu



where

o |
Yoy = Npu/NY | | (12)

is the initial plutonium-to-uranium ratio of the fuel. As a
result of the uranium vapor mlgratlon process the initially
uniform uranium concentratlon is changed to.a distribution in
which uranium'iS'depleted in the hot 2zone and-concentrated in
the cold zone. The uranium concentration orofile efter some
time undetethe teﬁpe:ature gradient is denoted by NU(z). The
profile of the cation fraction of plutonium in the fuel cor-

responding to the non-uniform uranium distribution is

-] [ o
q = NPU S YPu ’ (13)
-] = p (]
Ny + Npy Yy * Ypy |

where

. = ° L ' L . ‘ |

Ty NU/NU - (14)
is a dimensionless uranium concentration profile. Because this
element is only redistributed within the volume of fuei shown in

Figure 1 but is not lost from the system, a total uranium balance

requires that:
1l - . .
f YydZ = 1 - (15)

- In accord with the assumptlon that Puo is essentlally non-
volatlle in the time scale required ‘for substantlal uranium move-
ment, the Pu concentratlon at each position is assumed to be in- |
dependeht of time at temperature. | |

Proflles of the Oxygen Potentlal and the Uranium Valence

The pressure of molecular oxygen in the gas is assumed to be
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controlled by the equilibrium
| Pco./Peo |
K. = ;7-—-—2 | (6)
Poz “
where Kc is the equilibrium constant of the reaction CO + %.02 =

'COZ' The pressure of UO3 is assuméd_ﬁo be small compared to
the total carbon pressure (i.e., Pco + pcoz); This assumption
uncouples the oxygen‘redistribution process from the UO4 dif-
fusion process. That is, the migration of oxygen is due to
diffusion,of Co, and CO but is not affected by the oxygen carried
by the diffusing UO;. This assumption becomes better as the
actinide redistribution process proceeds and the UO3 pressure

at the hot end ié reduced. At the start of the process, the

UO3 pressure may be comparable to the total carbon pressure at
the hot end of the fuel. However, since pU03 decreases very
rapidly with distance down the température gradient while total
carbon pressure is constant; control of the oxygen potential by
the C0,-CO mixture is but negligibly perturbed by the presence

of UO; in the vapor. When the above condition is met, co,/co
ratio is a function of position along the temperature gradient
determined by solution of (18):

p 3 p 2 P
co co, co,,

2 2\
— 2} . + (1-B) |—21 = B (17)
PcKe | \Pco Pco Pco

where Pc is the total pressure of CO + COZAin the gas phase and B
is a constant to be determined by an oxygenbbalance.
Oxygen in the gas phase is assumed to be in equilibrium with

the fuel at all points along the z~direction. If the constant B
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is known, A@bz = RTlnpo2 is determined at.each z by combination

of Egqs (16) and (17). According to Rand and Markln (16), the-

oxygen poténtial of hyperstoichiometric mixed oxides is a function

of temperature and of uranium Valenée only. Thus, the latter is

determined as a function of z once the constépt B is specified.
The uraniumIValence is related to the cation fraction of

plutonium and the oxygen-to-total heavy metal ratio by:

v=4+2(9114_:_3) - L i
U l1-~-aq : o
where the oxygen-to-metal ratio is:
NO
O/M = m———5— , - (19)
Ny + N3 .

and No is the concentration of oxygen in the solid at_position z.

Combining Eqs (13), (18), and (19) shows that the oxygen-to-

plutonium ratio is given by:
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N | Yy Y
6] 1 U U :
g7 = 5 (Vo - 4) — + 2|l— + 1} (20)
NPu 2 v YPu YPu

Satisfaction of the oxygen balance requires that the integral of
the oxygen concentration over the length of the fuel be equal to

the initial amount of oxygen, or:

1 o
-] [+
No _ o) [Nu * ¥pyu
Pu Pu
0
where (O/M)O is the oxygen-to-metal ratio of the fresh fuel.
Substitution of Eq (21) into Eq (20) yields:
1 o _
- = >~ - °
jf bQ, 4) YydZ = 2 (M) 2 (1 + ypu) (22)
o
0
For a given uranium distribution, Yy(2), the solution pro-
ceeds as follows:
1) The constant B is gueésed and the oxygen potential is
computed as a function of 2 by combining Egs (16) and (17).

2) With Aabz

the profile of uranium valence is determined from the data of

and the temperature known as functions of 2,

Rand and Markin (16).
3) The integral of Eq (22) is performed to verify closure
of the oxygen balance. If this restraint is not satisfied, a

new value of B is taken and the process is repeated. When the oxy-

gen balance has been satisfied, V. and AGO

U are known as functions

2
of 2.

Equilibrium Pressure of UO, at the surface of the Crack
In order to provide the proper boundary condition for diffusion

of UO3 in the gas phase, its equilibrium pressure at the crack sur-
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face must be determined. To do this, ke first compute the
pressure of UO2 in equilibrium with the fuel whose oxygen poten-
tial and uranium valence profiles have just been calculated.

The equilibrium uo, préssure at each position is controlled

by the reaction:

Uo

2+m(sol'n.) = U0, (g) + I5“02_(9;) - (A)

where m = (2-9/M)/(l-q) is related to the local uranium valence by:
- 4) _ (23)

The law of mass action for reaction (A) is:

™2 p
O2 UO2
= - o
1-5 : exp( AGA/RT) | (24)

where the standard free energy of reaction is given by:

. m
" AG® = - % ./~ Aab dm' + AGGO (25)
. : 2
0

The last term is the standard free energy of vaporization of UOZ'

5 Vvap

taken as*:

AGI"Joz’vap = 135.5-35.8T | (26)

The partial pressure of UO,; at the crack surface is obtained from

the equilibrium of the reaction:

U0,(g) + 3 0,(g) = U0, (q) (B

* In Eq (26) and in the remainder of this paper, standard enthal-
pies and entropies of reaction are expressed in kcal/mole and eu,
respectively. The temperature is in units of 103°K.
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for which:

Fvo = exp(-Acg/RT) | (27)

Pyo 0

2 2
The standard free energy change for reaction (B) is given by (16):

AGY = -96.5 + 21.5T (28)

Combining Egs (23) - (28) and approximating the oxygen potén-
tials reported by Rand and Markin (16) for'hyperstoidhiometric

metal oxides (VU>4.001) by: Aﬁb = -65 + 86(VU-— 4)T, the preSShre
2 ,

of UO3 at each position at the surface of the crack is given'by:

Y ' o =
(b,2) =|—7F| exp/ | 7 | 1-3 (V; - 4G,

[+
3 YU + Ypu 2

(0,2) = on

P
003 2

- 16.25(V - 4) + 10.75(V, - 4)%1 - 39.0 + 14.37 | /RT/ (29)

0 (Z) have been determined by the method described in
5 . .

the preceeding section, assuming that the uranium distribution has

VU(Z) and AG

been specified.

UO3 Diffusion

The gas phase concentration of Uo, satisfies Eq (5). The
boundary conditions of Eq (7) are valid, but the pressure of UO3
at the crack surface is given by Eq (29) inétead of Eq (6). If the
uranium distribution YU(Z) is known, the flux of UO3 at the surface
of the crack may be determined by the method described earlier for
pure UO,. 'Jy is given by Eq (10) except that p°(T ) is replaced
by the pressure of U0, at Z=0 at the start of the process, p*(0,0).

Thé‘local flux of UO3 at the crack surface may be reiated to

the local uranium concentration in the solid if two assumptions are
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made:

l) . Accumulation or depletion or uranium at any particular
location does not cause the crack width b to change. Were this
feature permitted, the gas diffusion calculaﬁion would become
inﬁractable.

2) There is no solid state diffusioﬂal resistance to
uranium transfer to or from the crack surface and the interior
of the fuel. This restriction could be relaxed by solving the
diffusion equation in the solid in the y-direction. Because of
the complexity of solving two coupled partial differential eéua-
tions, however, this step'was not taken. The computations with
no solid diffusional resistance in the y-direction lead to more
rapid uranium redistribution than full treatment of the crack mig-
ration model would show, but the discrepancy decreases as the crack
width-to-length ratio decreases.

With these two simplifications, the time rate of change of

the uranium concentration at position z may be written as:

) BNU '
H 'é-;t—“)"—‘ "Jy _ (30)

or, in terms of the dimensionless variables previously defined, as:

My P
s (E/1) (5?)0 | . (31)

where P is the UO3 partial pressure divided by the value at Z=0 and

t=0, and T is a characteristic time:

kTNSHS o | |
T = 5p¥(0,0) 'ﬁ} | - 32)

‘Egs (5) and (31), subject to the boundary conditions of Eq (7)

and (29), have been solved numerically for various values of the
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parameters b/L, (O/M)o and T, A flow chart of the computation
is shown in Figure 5. At each time step, the profiles of Aab

2
and V.. are recomputed in order to determine the change in the

U
UO3 pressure at the crack surface according to Eq (29). The change
in the uranium concentration of the solid at each position along
the temperature gradient is calculated by use of Eq (31).

The Quasi-Eggilibrium'Uranium Distribution

Uranium transﬁort in the gas phase ceases when the UO3
pressure at the crack surface is constant ovér the ehtire length.pf
the fuel biece; The uranium distribution in the solid for which
this is true, qu(z), may be determined as follows.

The uniform U0, pressure attained.when uranium'transpbrt
stops musf be very close to that for pure.hyperstoichiometric
urania at tbe coldvend témperature. In érder to reduce the UO3
pressure over the hottér regions of the fuel to this valué; essen-
tially all Qf the uraniuﬁ must be removed from the high temperature
region of the fuel and transported to the c61d end. qu(z) is very
close to zero except as'z+l; where it rises very sharply to a large
value at the cold end. Therefore, we make the assumptioh that over
the range where qu is rising rapidly from near zero, the uranium
valence is approximately‘constant (this assumption may be verified
after the equilibrium solution has been found).

With this assumption, (V -4) may be femoved from the integral
on the left of Eq (22), and taking account of Eq (15), the uranium
valence at the cold end is found to be:

lim(Vv,_-4) = 2[(0 M) - 2] (1 + v2 ) (33)
ZiT U / o : YPu
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Since the temperature and the uranium valence at the cold end
are known, the oxygen potential at Z=1 may be determined from Rand

and Markin's data (16). Eq (16), with K. evaluated at Ts, deter-

Cc
mines the COZ/CO ratiq at 2=1 and Eq (17) determined the constant
B. Since this constant applies to all Z, the COz/CO ratio at all
positions along the temperature gradient may be computed from
Eq (17), and use of Eq (16) at all positions along the temperature
gradient determines the oxygen potential profile., The Rand-Markin
data then permit the distribution of the uranium valence with 2
to be found. |

The uniform UO3 pressure is related to the uranium distri-
bution by Eq (29), in which the exponentiai term is known from

the discussion in the preceding paragraph. Specifically, we may

write:

eq'

Yo (2) ' :

ptejg ) [ eqU o £(2) (34)
3 Yy~ (2)+ypy | '

where, if we take the approximation to Aﬁb used in deriving
. ’ ' v 2
Eq (29), £(Z) may be written as:

[Cz ¢, ] (35)
£(Z) = exp - o
where
o 1 ool -
€y = 32.5 [1 5 (Vy 4)} + 16.25(V;;-4) + 39.0
,, (36)
' _ 1 _ _ ar2
c, = 4,3[1--2- (Vy 4)] (Vy=4) + 10.75(V;=4)“ + 14.3

Cl and 02 are taken as constants with the uranium valence given

by Eq (33).
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Because the uranium concentration is'appreciable only very
close to 2=1, the reciprocal of temperature distribution in Eq (35)

may be expanded in a Taylor series about 2=1 and f£(2Z) written as:

£(z) = £(1)eF 178 (36)
where
| c, [r -1 o
r = .R—%" OT S o v - (37)
- 8 S ’

and £(1) is the value of f at T .
Using Egs (36) in Eq (34) and solving for the equlllbrlum

uranium distribution yields:
' eq
Ypu Puo

3 '
(38)
£(1)e” t 2 p8d

eq =
Yy (z2)
3

The constant UO3 pressure is determined by the uranium balance of

Eq (15):
. 1

Ypu dz___ — =1 (39)

[f(l) :]er(l-z) -1
lpe2 |
o LFuo, | |

Eq (39) determines the ratio f(l)/peq for the known values of .
3

Ysu and r. Once this ratio has been determined, the'equilibrium
uranium distribution may be computed from Eq (38).

The distribution ygq(z) has been terhed "quasi-equilibrium"
because it does not represent a state of true thermodynamic
equilibrium. Rather, it is the uranium distribution at which

_uranium transport'in the gas vanishes, provided that the plutonium

in the solid has not migrated at all. However, given sufficient

Iy
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time, the plutonium will also migrate from the hot end to the
cold end.} Since at the state of quasi-equilibrium of the uranium,
the hot end is practically pure Puoz, the migration of the lattér
is identical to the analysis of the transport of a pure species
down the crack presented earlier. This process proceeds until
the crack is completely filled with solid and no path for

further gas phase transport remains., Because the equilibrium
pressures of PuO, are several orders of magnitude smaller than
those of UO3, the gas phase migration of the plutonium is very
much siower than that of Uo,. Consequently, substantial uranium
redistribution may occur before appreciable quantities of plut-
onium have.distilled down the crack. 1In principle, however,

the quasi-equilibrium uranium distribution given by Eq (38) is
valid only when the plutonium is absolutely non-volatile.

Uranium Redistribution Results

\

Figures 6-10 depict the progress of actinide redistribution
by UO, aiffusidn in a gas filled crack. The conditions for the
computation were: |
| cation fraction of plutonium in fuel = 0.2

initial oxygen-to-metal ratio = 2,05

end temperatures = 2500°K and 1000°K, respectively
total carbon pressure = 1 atm,

‘crack width—to-lenéth ratio = 0.1

Figure 6 shows the brqgressive changes in the partial pressure
of Uo, at the crack surface as redistribution occurs.: The initial
state, denoted by dimensionless time t/t = 0, represents the con-
dition of the fuel after oxygen redistribution has occurred but

before uranium migration has begun. The normalizing factor, p*(0,0),
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is the pressure of UO3 over the hottest pé:t of the fuel at the
start of the uranium transport process. The initial fuel com-
position and the hot endltemperature are UO.BPu0.202.093 at
2500°K, respectively,vand the corresponding equilibrium Uo,
pressure is 0.068 atm.

The diStinguishing features of the curQes in Figure 6 are
the plateaus_at'the hot end which de§eiOp early in redistribution
as a result of the U0, vaporization process. At values of the |
dimensionless times greéter'than 10 (which is the largest Shpwn
in Figure 6), the flat portion of the curve would be lower and
extend further ihto the cooler regions of the fuel than those
shown for shorter times. If no plutoniumIVaporization occurred,
the quasi-equilibrium state would be aftained when the U0, pressure
throughoﬁt the crack had attained a value of 4x10-12 atm. However,
long beforé the quasi-equiiibrium state is attained, Pu02 vapor
migration would ha§e become significant. The dashed lines in
Figure 6 show the profiles of the PuO2 preséure over the fuel at
the same aimensionléss times for which the UO3 surface pressures
were plotted. The Puo2 pressures increase as redistribution pro-
ceeds because the vaporization of UO3 from the hot zone continually
increases the plutonium content of the solid in this region. The
UO3 pressure plateau becomes comparabie to‘the Puo2 pressures at
dimensionless times between 100 and 1000."The calculations would
not be valid beyond this point because plutonium vapor migration
has not been included in the model. Howevér, a very substantial
portion of the total uranium transport occurs before this limit

is reached.
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Eigure 7 show$ the distribution of the gradient of the UO3
pressure at the surface of the crack (which is proportional to

the flux from the solid) as a function of distance along the
temperature gradient for the same three values of the dimension-
less time that were utilized inAFigure 6. Initially, the profile
of thelflux of UO; is similar to that for pure U0, shown in

Figure 2 (except in magnitude) because the pressure of UO3 has
approximately the same temperature dependence as the vapor pressure
of a pure material. The flux is quite large near Z = 0, which
means that the hot region rapidly becomes deficient in uranium.
This loss of uranium from the solid reduces the equilibrium
pressuré,’thereby creating the plateaus seen in Figure 6.

The plateaus of the UO3 surface pfessure at the hot end of
the fuel drastically reduce the rate of uranium vaporization from
;his zone, since the gradient of the UO3 pressure in the gas along
the temperature gradient is removed when the surface pressure is
constant.  Figuré 7 shows that the UO, vaporization rate peaks
sharply at a point c¢orresponding to the end of the pléteau in
Figure 6, where the UO3 surface pressure starts to drop precip-

itously. The flux profiles in Figure 7 have the appearance of a
wave proceeding from the hot end to the cold end._ The amplitude
of the wave decreases with increasing time because the driving
pressure of.UO3 is reduced as the cooler regions of the fuel are
encountered. The integral of the flux over the entire length of
the fuel is zero, since no uranium is lost in the rédistribution
process. |

Figure 8 shows the evolution of the pluténium content of the

solid during redistribution. The advancing waves shown in Figure 7
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leave behind them a region of high plutonium concentration, but
the condensing uranium depresses the Pu/U ratio ahead of the
waves. The quasi-equilibrium distribution is shown on the right

of Figure 8. The fuel is essentially pure PuO, over 90% of its

2
:length and practically pure hyperstoichiometric urania at the
cold end. These computations should be vieWed as qualitative
since the plutonium~uranium ratios are wéll beyond the rénge to
which the thermochemical data of Rand and Markin apply (16)

Figures 9 and 10 show the distribution of the oxygen pot-vv
ential, uranium.valence and the CO,/CO ratio during redistrib—v.
ution of uranium. Over the range of dimenéionless times utilized
in Figures 6—8, theée distributions change relatively little.
The reason for this ihsensitivity is that thevuranium distrib-
ution, YU(Z), enters the oxygen balance only in the integral of
Eq (22). As the uranium distribution is shifted towards the cold
end, Figure 9 shows that a small increase in the VU vs Z curve is
sufficieht'to maintaiﬁ the oxygen balance. The extreme uranium
redistribution at quasi-equilibrium, however, causes significant
changes”ih the distribﬁtions of Figures 9 and 10.

A convenient measure of the extent of uranium redistribution
is fhe integral of the absolute value of the deviation of the
uranium concentration profile from its initial value, which is
given by:

| exﬁentvof

E(t/T) = uranium =
o redistribution

daz (40)

YU(Z) -1

This quantity is plotted as a function of dimensionless time

for the four different sets of input parameters listed in Table 1.

B
i

1 )



21

The detailed results shown in Figures 6-10 applied to éombination
A of Table 1, but the general shapes of the plots are the same for
all combinations studied. The redistribution process cannot be
characterized by a single time constant. As shown in Figure 11,
the rate of redistribution, as measured by Eq (40), continually
decreases with increasing time. This behavior reflects the pene-
tration of the flux waves of Figure 7 into regions of fuel at
' progressively lower temperature.

In order to obtain a numerical estimate of the time required
for the redistribution process, the extént.of redistribution has

been fitted to the function:
E(t/T) = E () [1 - ,e"“t/”] (41)

The extent of rediétribution determined from the quasi-equilibrium
uranium distributions (E(«)) are shown as the dashed lines in
Figu:e 11. The curves on Figuré 11 cannot be fitted to Eq (41)
over the entire range of the dimensionless times investigated.
However, characteristic rates can be obtained by fitting the
curves to Eq (41l) at a common dimensionlesé time, which has been
chosen as t/t = 15. The "half-life'.l of the redistribution proceés

may then be taken as:

t1/2 = 0.693t/2 ' (42)

Values of t have been calculated according to Eq (32) in
which the diffusion coefficient of UO.3 in Xevat 10 atm total
pressure and 2000°K was estimated from kinetic theory (14,19)
as v 0.2 cmz/sec. The length of the fuel piece was chosen as 0.2

cm to yield a temperature gradient typical of fast reactor fuel
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pins. The crack spacing in the fuel piecevﬁas assumed to be
equal to the crack length. It is unlikely that in an actual
temperature gradient experiment or in an Operating fuel rod that
the crecks would be any closer together than ﬁhis, and if they
were further apart, the resistance due to dlfqu;On of uranium
in the solid in the y-dlrectlon would become 51gn1flcant. Table

1 shows that the values of 1T calculated by Eq (32) are somewhat

over 2 hours for fuel of 1n1t1a1 O/M of 2.05 and nearly 10 hours
for an O/M of 2.02,

| As a result of fitting the curves of Figure 11 at t/t = 15
to Eq (41) and determlnlng the value of A for each, the half lives
shown in the last column of Table 1 were obtained. These figures
approximately represent the time required for the extent of re-
distribution to change by a factor of e from'ﬁhe value at t/t ='151
which tepresents a real time of 35 to 140.hours depending upon the
value of the normalizing ﬁO3 pressure. Based dpon this measure, .
the redistribution of fuel with the lowest O/M‘is the slowest,

which reflects the low Ub3 driving pressures in this material. The

fuel with the highest cold end temperature (combination D) is re-
distributed at the greatest rate. The extent of redistribution of
the fuel piece with the narrowest crack (combination B) has the
. smallest extent of redistribution at a dimeneionless time of 15
but the half life lieted in Tabie 1 shows that redistribution is
still occurring at an appreciable rate.

The redistribution curves in Figure 87are similar in shape_to'
the meesufed plutonium profiles in fuel pins or oﬁt-of-file exper-
iments presented byvseveral authors (1, 5; 9). They are also

similar to the profiles calculated from the'thermal diffusion
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mechanism (20). The shape of the distribution, however; is not
a useful means of assessing the validity of the model, since.
any process which conserves total uranium must produce distrib-
utions which are above the initial uniform value over part of
the fuel and below it over the remaining portion. Although ﬁhe
direction of the redistribution proceés is correctly predicted
by the present calculation, the large plutonium enrichments at
the hot end indicated by the model afe not observed in the
stoichiometric or hypostoichiometric oxides utilized in the
experiments. ;In addiﬁion, three simplifications’inherent in the
model may account for excessively large pluténium concentrations
at ﬁhe hotvend.

Firét, in a reactor fuel pin, UO3 migration undoubtedly
occurs along the axis of the rod due to the axial temperature
gradient iﬁ the central void. Thus'ﬁhe piane at Z=0 need not be
characterized by zero UO3 flux, as has been assumed in the cal-~
culation. Rather, UO3 may be added to the crack at this point
if the pellét is not at the position of peak_akial poWef; or
'uranium may.preferentially migrate away from the pellet via the
central void if the pellet is the hottest one in the fuel stack;

Secondly, the fissures through which gas migration occurs
may not be as wide or as closely spaced as the values chosen for the
- sample"célculations.  If the thickness of fuel associated with
each crack is large, reduction of uranium véporization to or con-
densation from the gas phase will result frém the requirement of
.transporting uranium to or from the crack surface through the
solid. Such a resistance, if significant, would tend to reduce

the extent of redistribution at a particular time.
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Finally, the'purely‘diffusionalvmodei presentedjhere assumes
the crack width to remain the same throughout redistribution but
does not specify any mechanism'by which this may be accomplished.
Clearly, the first mechanical effect of uranium tranSport is to -
swell the fuel where the vapor condenses and to contract it where
UO3 evaporatlon has occurred, which would result in closure of the
crack in'the region of maximum UO3 condensatiOn.' The change in‘v
volume of the solid in response to removallor addition of ﬁranium -
is due to the approximate constancy of the total density'of_heavy
metal atoms at all positions in the fuel. ,Variations of total
density due to thermal expansion, non-uni form Pn/U'ratio, or fuel -
 porosity are'Secondary’influences." |

The only way that tne‘vapor migration process canICOntinue
is for healed cracks to be reopened, or newvones formed,vby'mech;
anical'stresses acting on the fuel body . If at the same time the
total heavy metal concentration of the fuel is to remain constant
at all points along the temperature gradlent, the forces in the
solid which ma;ntaln the crack populatlon must also-act to.move
as much of solid material back towards the hot_zone as rapidly as
vapor migration brings uranium to thebcold zone. This mechanical
;feature of the process may be modeled by assigning a z-direction
flow velocity,. Vg (z, t), to the solid, the value of whlch is governed
by the requlrement of posxtlon-lndependent total heavy metal atom

density. A balance on U + Pu in the solid in a,dlﬁferentral sllce

in the z-direction of Figure 1 shows that for constant atom.density;'

that:

. OV, Jv e
_ 5; (NB +fN§u)H - L - (43)
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where Jy is the flux of UO3 from the crack surface and NG + Nsu is
the total atom density of the heavy metals. Both Jy and vy are

positive in the directions of positive y and z, respectively, in

Figure 1. Since vs(O,t) = 0, Eq (43) may be integrated to yield:

z
vs(z,t) = - (N;ul+ NG)H ./.Jy(z',t)dz' (44)
0 ’ :

The velocity Vg is always negative, which indicates that the
solid is relbcatéd towards the hot end during uranium transfer.
The maximum value of the solid velocity occurs at the positions
in Figure 7 where the flux crosses zero. Eq (44) automatically
satisfies the condition at the cold end.[vs(L,t) = 0] sincevthe
integral of the vapor flux normal to the crack surface over the
entire length of the fuel piece is zero.

The presence of bulk motion in the solid impiies that the
time rate of change of the uranium concentration in the solid is
not given correctly.by the simple formula, Eq (30). The proper
balance on uranium in the solid is:

oN

__Q+_2(7N)~_F:Tl' (45)
9t 3z ' 's - B

U

-3 . » ) .
Combining Egs (44) and (45) and using the dimensionless parameters

defined preViously yields the following expression for the time

rate of change of the uranium content of the solid:

PR Y |
- e_ —| az' (46)
I+, 9zf'uj |3¥ 0

0

Y _fep
a /Ty " \oY
: 0
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Ihcofporation'of Eq (46) into the model in place of Eq (31) would

alter the shape and reduce the rate of advance of the flux waves
of Figure 7 but the general features of the redistribution
kinetics would remain.

IV. PORE MIGRATION IN MIXED OXIDES

Flgure 12 shows a lenticular pore mov1ng in a mlxed oxide
fuel body. ‘The pore is 1deallzed as a slab of w1dth £ but in-
finite in extent in the plane perpendlcular to the direction of
the temperature gradient. The temperature increases from left .
to right in the drawing. The,pore'moves Wiﬁh a-velocity vp up
the tempefature,gradient. It is assumed that the material ahead
of the:pore has a cation fraction.of plutonium denoted by q, and
an oxygen-to—metal ratio of (o/M) . vWe seek to determine:

(a) the composition of the solid behind the moving porevand

(b) the pore migration velocity.

The first question may be answered by considering a material

balaoce over the'volume‘element delineated by the lines marked 1
and 3 in Figure 12. Position 1 is just ﬁpstream'of the pore in}
virgin fuel. Position 3 is just behind the boundary of the pore
at the cold side. .Let the volume element contained within planes
at 1 and 3 move with fhe Velocity.of the migrating pore.' The
~material oalance requiresithat the rate and compoéition'of the

solid moving_ihto the volume element across plane'l'be eoual to

that leaving the volume element at plane 3. Therefo:e, a gas-filled

pore sweeping through a solid mixture under ‘the ihfluence-of a

temperature gradient does not produce unmixing of the fuel con-
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stituents*.

Consider néxt a maferial balance over ﬁhe volume element
defined by the planes at positions 1 and 2 in Figure 12. The
latter location is within the gas space of the pore. Assume
that the fuel is hyperstoichiometric mixed oxide and that all

uranium is transported by molecular diffusion of UO3 from the

hot side to the cold side of the pore. Let the flux of UO3 in

the gas be denoted by Juo.’ which is positive in the direction
. 3 -
of the arrow on Figure 12. Similarly, plutonium is transported

across the pore by diffusion of PuO2 in the gas at a rate JPuO .
2

Material balances for U and Pu over the volume element between

= o ' = o
UO3 VpNU and JPuOZ VpNPu’ where

NG and N;u_are the uranium and plutonium concentrations of the

virgin fuel, respectively. Thus the fractional contribution of

planes 1 and 2 require that J

plutonium to the total heavy metal diffusion flux is equal to

the fraction of plutonium in the fresh fuel, or:

- J : R , :
'J»-PUin =N fpﬁf = 45 @
U Pu ) '

Uo PuO

3 2

The following assumptions concerning the gas phase in the
pore are made:
(1) Transport in_the gas occurs by steady state molecular

diffusion.

* The basic difference between zone refining of a solid (21) and
a pore moving in a solid mixture is the density of the zone (or
pore). In the former case, the liquid zone has a non-zero capacity
for accumulating the impurity, since the liquid and solid densities
are approximately equal. In pore migration, however, the gas in the
pore has a negligible capacity for storing either of the actinides.
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(2) The species in the pore consist of an inert gas, CO2
and CO (total pressure pC), 0, and the above mentioned actinide
oxides. The partial pressures of these constituents are ordered

as follows:
PInert”>Pc

pc»Poz' Pyo,’ Pruo,

The first inequality insures that the diffusing specigs are
sufficiently diluted in the inert gas so that their fluxes are
'given by Eq (3). The seéond inequality implies that the C02/CO
ratio in the gas is constant across the pofe.,

(3)v Thé pore width £ is small enough suéh that differences
in all,témperature depéndent properties of'the fuel across the
pore may be approximated by one term Taylor series expansions,

The fluxes of the actinide oxides may'be written as:
D_

= kT2 (Puo3)h6t - (pUO3)cold

J

Uo (48a)

3

D_

kTR (pPuoz)hot = (Ppyo (48b)

)
2 cold

where T is the average temperaturé at the location of the pore and
D is the diffusion coefficient of the actinide oxides in the inert
gas (the diffusivities of UO3 and Pqu are aésumed equal);

The pa:tial pressures of Uo3 and Puo2 are assumed to be in
equilibrium with the solid at both sides of the pore. Therefore,
pUO3 at either surface may be expressed in the form of Eq (34),
or by:

Pyo, = (- Df | (49)
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where f is given by Egs (35) and (36). The driving force in

Eq (48a) may be written as:

1 - )£ (1 - (50)

(Pyo_ ) hot (pUO3)cold = L= apoe) for - %) fe014

3

where plutonium fraction at the cold side of the pore has been
set equal to the value for the virgin fuel, as indicated prev-

iously. Expanding the function f in a Taylor series:

= ' '
frot = feorg t E'VTL (51)

where f' = df/dT and VT is the temperature gradient. Similarly,

the plutonium fraction at the hot side of the pore is given by:

9hot T o * 49 (52)

where Aq is a small quantity (of order VT2) to be determined.
Substituting Egs (51) and (52) into Eq (50) and neglecting the

second order term yields:

- ' 3 - L -
(pUO3)hot (pPuOZ)cold (1 qo)f vIL fAq _(53)

The subscfipt "cold" on f has been omitted, since this quantity
may now bg evaluated at the average pore temperature.

The first term on the right of Eq (53) is the temperature
effect on the driving force at constant composition and the last
term is the effect of compgsition difference'across the pore at
constant temperature.

A In similar fashion, the equilibrium.pressure of Pu0, may be
expreésed_by: |

pPu02 = qh o (54)
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where

h =-exP(_AG3ap,PuO /RT) . - (55)

and

_ o _ - : -
AGvap,Puoz | 136.4 35.9T o . (56)
Treatment of the PuO2 driving force in a manner analagous to that
applied to U0, yields:

= qoh1VTz'+ hdq  (57)

(pPuoz)hot - (pPuOZ)cold

where h' = dh/dT.
Substituting Eqs (53) and (57) into Eqs (48a) and (48b) and
the results into Eq (47) permits Agq to be determined as:
[ £ - n ' |
Agq = B vTL (58)

— =

1=q, a4

‘The velocity of pore migration is given by:

Juo, ¥ Ipuo
Vp T N°3+ N2 ? (59)
P U Pu

Using Aq of Eq (58) to determine the fluxes of the heavy
metal oxides yieldé:

. _ (f-h) (£'-n")
Vp = ETTEE—;—ﬁ;u) (1-g ) £' + gh' Y (60)
| 1-q, " g,

The usual analyses of vapor transport in pores of pure ﬁoz

results in the'Velocity

k! ' (61)
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where k' = dk/dT and k is given by:

k = exp (-AG?

vap,UOz/RT)‘ ) (62)

where the free energy of vo, vaporizatidn is given by Eq (26).
The uranium concentfation in pure UO2 is approximately equal to
the total heavy metal concentration in the mixed oxide. Division
of Eq (60) by Eq (61) yields the ratio of the pore velocity in
the mixed oxide to that in pure UO2 at the same temperature and

in the same temperature gradient:

v 1| o . .. (£-h) (£'-R")
T%—T_ =& | =g )f' + qh I (63)
p'uo, I:as dq

vIn the limit as q0+l, the ratio of Eq (63) reduces to h'/k',

which is the relative pore velocity in the ﬁwo puré actinide oxides.
As qo*o, the ratio reduces to f'/k{, which répresents the rate 6f
pore migration in hyperstoichiometric urania via UO3 transport to
that in stoichiometric hranium'dibxidé in which the diffusing
species is.U02. Because of the appréciable Qolatility of U0, in

oxygen-rich urania, (vp)Uo /(vp)U02 may be quite large.

For mixed oxides, a si;;ler form of Eq (63) may be obtained.
Since the UO_3 pressure is very much larger than that of Puo2 in
hyperstoichiometric mixed oxide, the bracketed term in Eq (63) may
be simélified by expanding ﬁsiﬁg the‘conditions f>>h and £'>>h"'.
This yields: | |

P’ U0, o | |

The thermochemical quantities‘in Eq'(64) may be easily computed
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for the pure oxides from Egs (59) and (62). They are:

h' _ 135.5 o ‘
— b . (65)
h a2

and
k' _ 136.4 e .
T T3 N » o (66)
, RT S - o

f! may be evaluated as follows. The uranium valence at the 

cold side of the pore is given by:

(O/M)b -2

2
1 9,

(v 4) (67)

U~ *'cola ~
Equilibrium of the reaction CO + 1/202n$ co, in the gas requires
that ‘ |

o = - . . Ll . :
AG® RTln<pCOZ/pCO) t 5 AGO2 o (68)
is the standard free energy change of the COZ/CO

vwhere AG?C

equilibrium, taken as =-67.5 + 20.75T and A@b
‘ ~el - 5 |
by -65 +»86(VU-4)T'for hyperstoichiometric mixed oxide. Using

is appréximated
' these formulas in Eq (68) and taking the'derivative of the re-
sulting equation with respect to T yields:

d(VU-4)
daT

= 23, Lo C(69)
43T -
BéCausevthe,totél carbon'pressure in.the gas has been'assumed
'muchvlarger than that of the other oxygen-bearing species)-the'
' COZ/CO ratio is constant; Taking the derivative of f given by

Eq (35) with respect to T and noting that Cy and C, are functions

of VU only yields:‘
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£ _1 ‘dcz _ 1 dCl_ d(VU—4) +_Cl (70)
. —- —
f R dZVU 1) T c?(VU 4) aT RT2
Substitution of Egqs (36) and (69) into Eq (70) gives:
. )
£'_ 35 [ 1-3 ] v ¢ 1)
I 7 -.

RT
Application of Eq (64) to a mixed oxide cdntaining 20% Pu

shows that pore migration is approximately three times faster
than in pure vo, . This ratio is only slightly affected by temp-
erature in the range 1500°K to 2500°K and oxygen-to-metal ratios
from 2.02 to 2.05. This factor of 3 increase is in dqualitative
agreement with observation of pore migration velocities in mixed
oxides (22). |

| Since the plutonium fraction at the hot surface of the pore
is greater than that of the virgin fuel, a plutonium concentration
profile precedes the movihg pore. The plutonium concentration

ahead of the pore may be expressed by:
= ° ) .
Npy = Npyd/9, ' _ (72)

If we take a reference frame moving with the pore, the dif-

- fusion equation for plutonium in the solid is:

2 o
dgq aq _
vp 3 + Dg d22 0. o ‘(73)

where z is the distancé into the solid from the hot face of the
pore and’D'S is the diffusion coefficient of plutonium in the mixed
oxide. The boundary condition on Eq (73) at z = 0 is given by

Eq (58) and as z-»w, q>q,. The solution is: | |

z) (74)

9-q9, = Ag exp|-

mUI_U<
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‘Since Ds/vp is small (mlo—sém at 2000°K), the perturbation
of the solid composition extends only a very small distance in
front of the moving pore. Figure 12 shows an exaggerated sketch

of the plutonium profile in front of the pore.
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V. SUMMARY

The two geometries by which actinide vapor migration by gas
phase diffusion alters fuel properties act in complementary ways.

Continuous cracks or fissures along the temperature gradient
are ineffective in restructuring but are quite'éuitable_for act- .
inide redistributibn.. To avoid self-termination of the process
due to crack closure by condensing vapoté, mechanical processes
must continually operate to open healed cracks or to create new
ones. | |

Closed pores migrating up the températuré gradient, on the
other'hand, provide an efficientxmeans of fuél restructufing but
do not contribute to actinide redistribution. A lenticular pore
passing through a mixed oxide fuel body is much like a wrinkle
in a rug or a dislocation in a crystal. Once the diéturbance
has passed,.the medium returns to its normal state except for
gross displacement by an amount equal to the dimension of the

disturbance.
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- TABLE 1

Uranium Redistribution Characterlstlcs in 20% Plutonium
Mixed Oxide Fuels

;igv.at
symbol | b/L | (0/M) | T,,°K | T_,°K |po,atm p*(0,0) ,atn®| T, hePl e/t = 15, hr
A |o.1| 2.05 | 2500 | 1000| 1 | e.ex02 | 22| o
B 0.01 2.05 | 2500 | 1000| 1 6.8x10°2 | 2.2 | 350
c |o.1]| 2.02 | 2500 2000| 1 | 1.6x107% | 9.4 1160
p |o0.1| 2.05 | 2500 1500| 1 | 4.2x107% | 3.6 260

a calculated by Eq (29) with y,; = 1.0, T = T, and Aab and Vv
. ' ' o 2

at Z =0 after oxygen redistribution.

° = 2,0 x

b for L=0.2 cm, H=0.1 cm, D=0.2 cm’/sec at 2000°K, N

22 3

10 atoms/cn

c calculation unstable for t/t>12.
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FIGURE CAPTIONS

Model of a fuel piece with a crack along the temperature
gradient. o ‘

Normalized partial pressure profiles in a crack. UO2 trans-

‘Dimensionless flux of U0, at the crack surface.

Integrél of the absolute flux, 002 transport.

Flow diagram for computations of uranium transport in mixed

»oxide fuel._

Normalized UO., and PuO pressures at the crack surface.
Conditions lidted in tdxt.

Dimensionless flux of UO3 at crackbsurface. Conditions
listed in text.

- Fuel composiﬁion profiles for various times of redistribution.

Conditions listed in text. ’

Profiles of oxygen pbtential and uranium valence during re-
distribution. Conditions listed in text.

Profiles of the CO,/CO ratio during redistribution. Con-
ditions listed in %extg

Extent of uranium redistribution as a function of dimension-
less time. Symbols on curves described in Table 1.

A migrating lenticular pore in mixed oxide fuel.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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